Summary: A data managing system for editing and visualization of biological pathways is presented. The main component of PaVESy is a relational SQL database system. The database design allows storage of biological objects such as metabolites, proteins, genes and respective relations, which are required to assemble metabolic and regulatory biological interactions. The database model accommodates highly flexible annotation of biological objects by user defined attributes. In addition, specific roles of objects are derived from these attributes in the context of user defined interactions, for example in the course of pathway generation or during editing of the database content. Furthermore, the user may organize and arrange the database content within a folder structure and is free to group and annotate database objects of interest within customizable subsets. Thus we allow an individualized view on the database content and facilitate user customization. A JAVA-based class library was developed, which serves as the database programming interface to PaVESy. This API provides classes, which implement the concepts of object persistence in SQL databases, such as entries, interactions, annotations, folders and subsets. We created editing and visualization tools for navigation in and visualization of the database content. User approved pathway assemblies are stored and may be Bioinfor matics
Introduction
Multi-parallel technologies, which allow joined analysis of the transcriptome, the proteome, and especially the metabolome of organisms (Fiehn et al., 2000) today allow investigation of complex biological processes at full systems level. The tools of modern functional genomics provide means to systematically modify gene expression of each gene present within an organism and to monitor changes in gene expression, enzyme activity and metabolite levels.
The major task of the time to come will be the discovery of novel functional interactions within and in between the metabolite, protein, and mRNA complement of biological systems (Urbanczyk-Wochniak et al., 2003) . Novel findings need to be mapped onto metabolic pathways and compared with the long-standing knowledge of biochemical reactions and regulatory interactions. The ultimate goal will be to fully understand the function of each gene, encoded protein and effected metabolite.
Currently public knowledge about biochemical reactions, pathways and underlying genes is deposited within a range of in part complementary, in part competing databases. Publicly accessible databases, for example the GenBank (http://www.ncbi.nlm.nih.gov/entrez), the KEGG system (Goto et al., 2002) , the BRENDA enzyme database (Schomburg et al., 2002) , the EcoCyc/MetaCyc system (Karp et al., 2002) , WIT (Overbeek et al., 2000) , the BIND (Bader et al., 2000) , GEO (Edgar et al., 2002) and ArrayExpress (Brazma et al., 2003) database or the MPW project (Selkov, et al., 1998) harbour data, which cannot be edited, updated, or manipulated according to the needs of expert scientists. In contrast to these static databases, which provide predefined reactions and fixed metabolic maps, more recent developments already allow dynamic retrieval and visualization of metabolic pathways, for example the commercial PathBlazer tool (http://informaxinc.com/content.cfm?pageid=17) or public domain systems (Krishnamurthy et al., 2003; Pan et al, 2003; Trost et al., 2003) , such as Cytoscape (Shannon et al., 2003) , Osprey (Breitkreuz et al., 2002 ) or TopNet (Yu et al., 2004) . However, user annotation is in general restricted to predefined sets of attributes for each biological object and to a fixed number of possible interactions. In addition, calculations aimed at analysis and comparison of network topology and metabolic connectivity still require downloading of available metabolic data sets from public sources into a customized database.
We developed PaVESy to integrate and compare numeric multi-parallel genomic, proteomic and metabolomic data with respective publicly available pathway information and expert knowledge, which can be embedded by customized definitions of objects, attributes, and interactions. The design was made for the purpose of data mining in the fields of metabolic profiling, metabolomics and plant functional genomics, but system architecture remained open for other applications.
System Overview
PaVESy is a three-layered tool comprising a relational database, a data object layer and a graphical user interface, which allow editing, storage, and retrieval of biological objects and interactions, assembly of metabolic pathways, and export to visualization tools for pathway reconstruction. Data object layer and graphical user interface are implemented in a JAVA class package which guarantees object persistence at SQL level, comprises a transaction concept and among others provides design patterns of attribute holders, biological objects, and metabolic or regulatory interactions (see below).
The PaVESy database model
The PaVESy database comprises cellular components, such as metabolites, proteins/enzymes, and genes, which are required to reconstruct metabolic and regulatory networks (Ravasz et al., 2002 and dynamically customized without rebuilding the database structure. The database is nonnormalized. Instead the structure of database tables was optimized to avoid table joining for enhanced search and pathway reconstruction algorithms.
The PaVESy explorer
The PaVESy explorer window (Fig. 1A) allows intuitive navigation. The panel to the left displays database objects in a tree-like folder structure, which also allows to organize and assemble subsets of customized metabolic and regulatory pathways. The panel to the right shows object attributes and allows expert annotation and editing. Assembly of information from the database into customized subsets is aided by search windows, such as the compound search (Fig. 1D) . Search protocols implement SQL based options for wild cards. This feature is highly required in view of the presence of multiple synonyms for biological objects.
Pathway assembly
Pathways can be assembled either from sets of pre-selected reactions or by automated retrieval from the database. A pathway generation window serves these purposes (Fig. 1C) . Assembly without pre-selection of reactions requires the definition of a start and an end component, as well as the definition of maximum step length and generality. A combination of depth-first and breadth-first graph search algorithm was used (Krishnamurthy et al, 2003) . Sets of components, such as water, ATP, ADP, P i , or other ubiquitous cofactors, which are ignored during automated pathway assembly can be defined. Visualization of pathways comprising components with high network connectivity is highly facilitated by optional use of subsets of "non-pooled" items. These components will not be pooled into unique vertices. An example of pathway assembly using citric and isocitric acid as anchor components and defining aconitate hydratase to be non-pooled is shown (Fig. 1 B) . Run time for retrieving this examplary pathway from a download of the KEGG data set was less than 0.5 s. Results of pathway generation can be stored for further use or exported into different file formats. Currently supported formats are the Pajek net format (Batagelj and Mrvar, 2004) , SBML (Hucka et al., 2003) and GML (http://infosun.fmi.uni-passau.de/Graphlet/GML/). Pajek software is public and provides tools and layout algorithms for analyzing large networks. SBML and GML formats can be uploaded into public domain Cytoscape software.
The PaVESy program may be downloaded from http://pavesy.mpimp-golm.mpg.de/ and runs under MS-Windows, MAC-OS or Linux platforms. The Java runtime environment (JRE ) Version 1.4 or higher and a SQL database, such as MS-Access or SAP-DB (http://www.sapdb.org/) must be installed.
Future work
For the future it is intended to integrate an import and export interface for up-and downloading data. The structure of the data should correspond to SBML Level 2, so that it is possible to use different tools which support this SBML definition. Another important point is the integration of different database systems. The user should be able to choose the system he/she prefers to work with just by choosing the database driver. To complete PaVESy an own pathway visualization application should be integrated. 
